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We investigate polarization observables in hyperon-nucleon scattering by decomposing scattering 
amplitudes into spin-space tensors, where each component describes scattering by corresponding 
spin-dependent interactions, so that contributions of the interactions in the observables are in- 
dividually identified. In this way, for elastic scattering we find some linear combinations of the 
observables sensitive to particular spin-dependent interactions such as symmetric spin-orbit (LS) 
interactions and antisymmetric LS ones. These will be useful to criticize theoretical predictions of 
the interactions when the relevant observables are measured. We treat vector analyzing powers, 
depolarizations, and coefficients of polarization transfers and spin correlations, a part of which is 
numerically examined in E^p scattering as an example. Total cross sections are studied for polarized 
beams and targets as well as for unpolarized ones to investigate spin dependence of imaginary parts 
of forward scattering amplitudes. 

PACS numbers: 24.70.-(-s, 25.80.Pw, 13.75.Ev 



I. INTRODUCTION 

Interactions between hyperons and nucleons are funda- 
mental subjects in studies of nuclear structures and reac- 
tions that contain hyperons. So far, a number of theoret- 
ical models for hyperon-nucleon (YN) interactions have 
been developed based on boson-exchange models Q, |^ 
or quark-cluster ones 0, 0] ■ On the other hand, experi- 
mental studies of the interactions through YN scattering 
have scarcely been performed, which leaves many ambi- 
guities particularly on their spin dependence. 

As is well known, polarization phenomena are a sub- 
stantial tool in studies of spin-dependent interactions. In 
a phase-shift analysis of YN scattering ;6|, which is an 
information source of the spin dependent interactions, 
polarization observables are shown to be indispensable 
to avoid ambiguities. 

Recently, asymmetries of scattered hyperons have been 
measured for elastic scattering of polarized S+ and A on 
protons 0, which provide an experimental evidence on 
characteristic difference of the spin dependence between 
S+p and Ap interactions, though of qualitative nature 
at present. Considering that such kinds of experimental 
research will be developed more in the future, we will 
theoretically investigate polarization observables in YN 
scattering in relation to the spin dependence of YN in- 
teractions. In general, contributions from different kinds 
of spin-dependent interactions are mixed up in scattering 
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observables. However, we will predict some linear combi- 
nations of the observables to exhibit effects of particular 
spin-dependent interactions. Analyses of such combina- 
tions will thereby be useful to clarify characteristics of the 
interactions and provide clear-cut criticisms on the spin 
dependence of the model interactions when the relevant 
observables are measured. 

In order to relate the polarization observables to the 
spin-dependent interactions, we will decompose the scat- 
tering amplitudes into scalar, vector, etc., in the spin 
space, each of which describes scattering by central inter- 
actions, by spin- vector interactions like LS ones, etc., re- 
spectively. When the observables are described in terms 
of such amplitudes, one will be able to identify the con- 
tributions of particular spin-dependent interaction in the 
observables accordingly. Similar decompositions of the 
scattering amplitudes have been applied to analyses of 
nucleon-deuteron scattering 8, _9, JO], which have pro- 
vided deeper understanding for effects of spin-dependent 
interactions in the scattering observables and have suc- 
ceeded in clarifying the scalar, vector, and tensor charac- 
ters of three-nucleon forces. Such success encourages us 
to extend the method to the YN scattering. 

In the present paper, we will consider a general case of 
scattering between two spin- 1/2 particles, since the spins 
of nucleons and hyperons. A, E, etc., are 1/2. In Sec. ITTI 
the decomposition of the scattering amplitude into the 
spin-space tensors is given in a model independent way. 
Each component of the decomposed amplitude is related 
to conventional amplitudes by giving explicit forms for 
the tensors. In this way, elastic scattering is investigated 
in detail. As will be shown later, the present amplitude 
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includes a vector component effective for mixing of to- 
tal intrinsic spins, which is lacked in the amplitude of 
nucleon-nucleon scattering. Thus the polarization ob- 
servables in the YN scattering are composed of the con- 
stituents in a way different from those in the nucleon- 
nucleon scattering Using the amplitudes given in 
Sec.m we investigate typical polarization observables for 
elastic scattering in Sec. IIIII where the analyzing powers 
and second order polarization observables such as depo- 
larizations are treated. Further, it is shown that total 
cross sections for the polarized beam and target as well 
as for the unpolarized ones exhibit contributions of par- 
ticular spin-dependent interactions to the scattering am- 
plitudes, when linear combinations are considered. In 
Sec. IIVI a part of theoretical predictions is numerically 
examined as an example for the Y^^p scattering by us- 
ing the Nijmegen interactions 0, where the calculated 
quantities are compared between different versions of the 
interactions. Summary will be given in Sec. IVl 



II. SCATTERING AMPLITUDES FOR TWO 
SPIN-1/2 PARTICLES 

A. Spin Tensor Analysis of Scattering Amplitudes 

Let us consider the T-matrix M for scattering of two 
spin-1/2 particles, a A- h ^ c + d, characterized by the 
isospin and the strangeness, where the parity is con- 
served. The matrix element of M gives the scattering 
amplitude as usual. To decompose the amplitude ac- 
cording to the tensorial property in the spin space, we 
will expand M by spin-space tensors of the rank K and 
z component k, si^\ 
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where i?!^' is a coordinate-space tensor associated with 
s[^J . Then the matrix element of M designated by the 
z components of spins of the related particles, Va etc., 
and the relative momenta between the particles in the 
initial and final states, fcj and fcf, is given by 
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where the geometrical part of the matrix element of Sk 
is described by the Clebsch-Gordan coefficient due to the 
Wigner-Eckart theorem, and the physical part is included 
in the last factor MK^''(siSf; fcifef), which is an amplitude 



of rank K and is given by 



V2K + T 
x(fcf|i2f)|fci 



(3) 



In the choice of the Madison Convention for the refer- 



ence axes, z\\ki and y||A;i x fcf, R[ 
due to the parity conservation ^ 



is related to Rk 
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as 
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which leads to 
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Thus the scattering amplitude consists of the following 
non-vanishing independent amplitudes classified by the 
rank of the spin-space tensor: the scalar amplitudes Uj 
(j - 0, 1) 



(6) 
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Si = 


Mf^(01;feifef), 


S2 = 




S3 = 





and the tensor ones Tj {j = 1,2, 3) 



Afj!\(ll;feifet) 



(7a) 
(7b) 
(7c) 



(8) 



These amplitudes describe the scattering by interactions 
with the corresponding tensor property, where contribu- 
tions of higher orders of the interactions are included 
under the restriction due to the tensorial property. For 
example, the scalar amplitude Uj 's include the higher or- 
der contributions as long as they form scalars in the spin 
space. 

The present scattering amplitude is equivalent to the 
Wolfenstein amplitude in Ref. Q in the sense that both 
are composed of two scalar components, three vector 
ones, and three tensor ones. Also, such decomposition 
of the scattering amplitude into spin-space tensor com- 
ponents is based on the theoretical development in Ref. 
[l3| and is similar to that in Ref. iJJij for nucleon-nucleon 
inelastic scattering. In practical cases, Uj, Sj, and Tj 
are calculated from {i'ci^d',kf\M\h'ai'b',ki), which will be 
obtained in conventional ways. More details are given in 
Appendix ^ 

In the elastic scattering, time-reversed states are equiv- 
alent to the original ones. Then applying the time- 
reversal theorem |l5j to the matrix element of M, we 
get 



x{-Va - Vb\-h\M\ 



Vc - Vd; -kf), 



(9) 
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which leads to 

= (-)^'+^'-^M(^)(sfSi;-fef-fei). (10) 

This gives the following relations for the vector and ten- 
sor amplitudes, the derivation of which is given in Ap- 
pendix 



and obtain 



5*2 — —5*1 



(11) 




and 



Thus the independent amplitudes for the elastic scat- 
tering are two scalar ones, two vector ones, and two ten- 
sor ones. Since the composition of independent ampli- 
tudes depends on the property of the scattering, we will 
specify the scattering to the elastic one for further devel- 
opments. 



B. Conventional Representation for Elastic 
Scattering 



and 



Si — 5*2 — Sa, 

S3 = V2Sp. 



(16a) 
(16b) 



(17a) 
(17b) 



Then Si{— —S2) describes the scattering by the ALS 
interaction and 53 the one by the SLS interaction. The 
former interaction couples the states of the total intrinsic 
spins and 1, while the latter interaction does not. 
The tensor amplitudes Tj {j = 1,2,3) are calculated 

as 



r, = i(fcf|FTy2,,-i|fci), 



(18) 



where one of Tj is not independent due to the time re- 
versal theorem, Eq. (|12ll . For later convenience, we will 
choose independent amplitudes Tq, and as 



For the elastic scattering, a + 6 — > a + 6, the T-matrix 
will be represented in terms of spin-independent, spin- 
spin, symmetric LS (SLS), antisymmetric LS (ALS), and 
tensor components as 

+ VsLS {Sa + Sb) ■ L + ValS {s 

+ VT([Sa<E>Sb]^^^ ■Y2{f)) , (13) 



where L is the a-b relative orbital angular momentum, 
r is the a-b relative coordinate, and V's are form-factor 
functions, which include the higher order effects, for the 
spin-independent central interaction (Vc), the spin-spin 
interaction (V^), the SLS interaction (Vsls), the ALS in- 
teraction (Vals)j and the tensor interaction (Vr). Here, 
exchange effects due to strangeness transfers between the 
particles are included in Vals- For the nucleon-nucleon 
scattering, the term of Vals is eliminated because of the 
equivalence of a and b. 

We will connect the amplitudes of Eqs. 10-® to those 
in Eq. (O by specifying 5''^) and H^^' in Eq. @ 
as 1 and (sa ■ st) and 14, ± and Vsls-^^k=i 
(VALsiK;=i)5 where the terms of k = 1 are effective due 
to Eq. 10, etc. For this purpose, we define new scalar 
amplitudes. 



C7„ = (fcflKlfci), 
Up = {kt\V^\h), 

and new vector ones, 

5„ = {k{\VALsLl\h), 

Sp = {k{\VsLsLi\h), 



(14a) 
(14b) 

(15a) 
(15b) 



which give 



T„ = —Ti+Ts, (19a) 
Tp = ^^1-^3, (19b) 



T2 = ~teiii9{-T^ + Tp). (20) 



III. POLARIZATION OBSERVABLES 

In this section, we will calculate analyzing powers, de- 
polarizations, polarization transfer coefficients, and spin 
correlation coefficients for the elastic scattering, a + b ^ 
a + b, and total cross sections using the scattering am- 
plitudes derived in the preceding section and show their 
linear combinations sensitive to individuals of the scalar, 
vector, and tensor interactions. 



A. Vector analyzing powers 

The vector analyzing powers Ay (a) for the polarized 
beam a and Ay(b) for the polarized target b, which are 
equivalent to respective cross-section asymmetries, are 
defined as 



Ay{a) = —Tt {May{a)M^) , (21a) 



Ayib) 



Nr 



TT{Mayib)M^) , (21b) 
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where Nn is given by 

Nr = Tr(MMt) 

= \Uof + \Ui\' + 2{\Si\^ + \S2\' + \S3\^) 
+ |Ti|2 + 2(|T2p + |T3p) (22) 

and is related to differential cross sections da /d cos 9 as 

da 27rfcf 
d^O = IaT^- (23) 

Using the amplitudes in Eqs. ©-lEI), we get 

-^Tj (yfr, - 1-3) } , (24.) 
^•fvfr.-rs)}. ,24b) 



Here, we will consider the sum and the difference of 
Ay{a) and Ay{b): 



Ay{a) + Ay{b) = - 



8V2 



X Im <{([/„ + 1(7/3 - ) Sp}, (28a) 



4^2 

8V2 



(28b) 



X Im<i ( c/„-i[//3 + ir„ ) So 



The quantities inside the curly brackets in Eqs. (|28a|l and 
(|28b|l are proportional to the matrix elements of Vsls^i 
and VALsii, respectively, as shown in Eq. H15(l . Then we 
can separate the contribution of the ALS interaction from 
that of the SLS interaction by considering such linear 
combinations of the analyzing powers: Ay{a) + Ay{b) will 
be sensitive to the strength of the SLS interaction and 
Ay (a) — Ay (b) to that of the ALS one for given Up and 
Ta- The boson-exchange model 3], for instance, predicts 
a strong SLS interaction for the S+p system but a weak 
one for the Ap system. On the other hand, the ALS 
interaction is stronger for the latter than for the former, 
although their magnitudes are small. Measurements of 
these quantities therefore will give clear-cut examination 
of such characteristic features of the LS interactions. 



For the elastic scattering, in terms of the conventional 
amplitudes, Eqs. (djl, and we get 



1 



(25a) 



Mb) - -^Im|c/:(~5. + 5^) + Jt/^(5„ + 5^) 



1 



T* {Sa + Sf3) > , 



(25b) 



and 



Nr = W + ^\u,\-' + mSa\' + \s,\^) 

+ i(tan2 + 4)|T„|2 

+2 (tan2 6 + l) (jT^p + Re(T*r^)) , (26) 

where we used the following relation due to the time re- 
versal relation Eq. (|12(l . 



(27) 



B. Second order polarization observables 

First we will define the observables to be discussed. 
When the colliding particle a is polarized in z-axis di- 
rection, one defines the depolarization Df (a), which de- 
scribes the polarization of a in j-axis direction after the 
scattering by 

Diia^ = ^Tr(Ma,(a)Mta,(a)). (29) 

When we consider the polarization of the partner b after 
the scattering, we define the polarization transfer coeffi- 
cient as 

Kiia ~.b) = ^TT{Ma,{a)M^a,{b)). (30) 

Finally we describe effects of the simultaneous polariza- 
tions both of a and b in the initial state by the spin 
correlation coefficient 



1 



a, = — Tr(MfT.(a)a,(6)Mt). 



(31) 



Specifying i and j to two of x, y, and z, one gets non- 
vanishing fifteen observables, whose expressions for the 
general scattering are given in Appendix ICl 

In the following, we will discuss linear combinations of 
such second order polarization observables for the elastic 
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scattering, which are convenient for studies of character- 
istics of the interactions. 

Let us examine the sum of the diagonal elements of the 
second order polarization observables. The results are 

Dl{a) + Dlia) + Dlia) 



12 



\Uc.\ 



16 



-^{\S^? + \S0\''-ARe{SlSp)) 
-i(|Ti|2 + 2|r2|2 + 2|r3|2)|, 



Ki{a ^ 6) + Klia h) + Kl{a ^ b) 
= A|2Rc([/:C/,) + i|[/,p 

--A\s.?-\sp?) 



--(|Tip + 2|r2p + 2|r3p] 



(32) 



(33) 



3 

4 
~3 



|(|Ti|2 + 2|T2p + 2|r3p) 



(34) 



where the cross terms of the amplitudes with different 

ranks such as Re {UpTp^ are canceled out. 

If we neglect the terms without the scalar amplitudes, 
for example in Eqs. (|32|) and H2t)|) . assuming that the 
scalar amplitudes are dominant over the other ampli- 
tudes, we get 



D ^ \ {Dl{a)+Dl{a) + Dl{a)) 



4|C/a| 



and 



iVfl^4|[/„|2 + -|{/^|2, 



(35) 



(36) 



which give the magnitudes of the scalar amplitudes as 



^(1 + 31.), 
Nr {l-D). 



(37a) 
(37b) 



Moreover, for the second order polarization observ- 
ables, there are several linear combinations that exhibit 



effects of particular components of the interaction: for 
example. 



(38) 



4^2 



Re{({/^ + T,)*5„}, (39) 



W2 



and 



(40) 



-ts.ne{D:{a)-Dl{a)) 



(41) 



The numerators of the right-hand sides of these equations 
are respectively proportional to the magnitudes of the 
amplitudes, Sa, Sp, and ^Ta +Tp, and then the left- 
hand side quantities will give some kinds of measures 
of the strength of the corresponding interactions, when 
multiplied by the cross section. Since Eqs. H39|) . (|40|l . and 
(I41|l include only Up as the scalar amplitude, they will 
be useful for investigations of the spin-spin interaction. 



C. Spin-dependent total cross sections 

Total cross sections, when no Coulomb interaction 
acts, provide the imaginary parts of forward scattering 
amplitudes by the optical theorem. In the present sys- 
tem, three amplitudes with k = 0, namely Ua, Up, and 
Ti, survive at the forward angle, which are important 
sources of information on the scalar and tensor interac- 
tions. We will consider correspondingly three kinds of 
total cross sections by choosing proper polarizations of 
target and beam particles. 

Let us denote the spin density of an initial state, which 
consists of the beam particle a and the target particle 6, 
by pf''^^ Then the optical theorem gives the correspond- 



ing total cross section a as 
47r 



(42) 



where k is the magnitude of fci. 

One of the independent total cross sections is the unpo- 
larized total cross section Cunpoi calculated from a density 

matrix 



Pi 



[a.b) 



1 



/(a) 1/(6) 



(43) 
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where and /(^^ are the unit matrices for the particles 
a and 6, respectively. 

As for the other two total cross sections, we consider 
those with longitudinal and transverse polarizations. In 
general, when the particles a and b are polarized in the 
j-axis direction with polarizations p*^"^ and p^^\ the cor- 
responding cross section aj{p'^°'\p'^^^) is obtained with 
spin density matrix 



Pi 



{a,b) 



P 



(a) 



1 



(b) 



(44) 



where cr^"'^ and cr^'') are the Pauli spin matrices for a 
and b. The polarization axis is along the beam direction, 
j = z, for the longitudinal configuration and is perpen- 
dicular to the beam direction, typically j — y, for the 
transverse one. The longitudinal asymmetry Actl and 
the transverse asymmetry Actt Q are defined as the dif- 
ference of the cross sections provided by the reversal of 
the particle 6's spin: 

AffL = c7,(+l,-l)-a,(+l,+l), (45a) 
Aar = (7y(+l,-l)-a,y(+l,+l). (45b) 



From these definitions, we obtain s 



Im((7„(^? = 0)) 
lm{Upi9 = 0)) 
Im(ri(0 = O)) 



47r 



-a 



unpob 



-— (A(TL + 2AaT), 

OTT 



(46a) 
(46b) 



V2k 
4V37r 



(Actl - Actt) . (46c) 



That is, for the imaginary part of the forward scattering 
amplitude, the spin-independent scalar amplitude is de- 
termined by CTunpoi, and the spin-spin scalar amplitude 
and the tensor amplitude are determined by Actl and 
Act. Then measurements of such total cross sections 
will provide criticisms of the calculated amplitudes for 
scattering of neutral hyperons, for example, Ap scatter- 
ing. Since the imaginary parts of scattering amplitudes 
reflect absorption effects due to related reaction channels, 
measurements of these cross sections will provide infor- 
mation of nature of the couplings with the channels, par- 
ticularly, by clarifying which kinds of the spin-dependent 
interactions are important. 




FIG. 1: The magnitudes of the amplitudes, Ua, Up, Sa, 
S/3, Ti, T2, and T3 for the E+p scattering at = 170 

MeV/c. The solid lines are calculations by the NSC97a po- 
tential model, the dashed lines by the NSC97c one, and the 
dotted hnes by the NSC97f one. 



existing experimental data. These potential models con- 
tain the scalar, vector, and tensor components of various 
strengths, and then should be suitable for the present 
test. In all of the figures below, we will plot results of 
three potentials, namely NSC97a, NSC97c, and NSC97f, 
to avoid an unnecessary confusion due to overdosed lines. 



IV. NUMERICAL EXAMINATION IN E+p 
SCATTERING 

As a test of the validity of the theoretical predictions, 
we will perform numerical calculations for S+p scattering 
with the Nijmegen soft-core One-Boson-Exchange poten- 
tial models (NSC97) 0. In Ref. ^, six different YN 
potential models, NSC97a to NSC97f, which are charac- 
terized by different choices for the magnetic vector ratio, 
have been phenomenologically derived as descriptions of 



A. Scattering amplitudes 

The magnitudes of the scalar amplitudes, Ua and U/3, 
the vector amplitudes, Sa and Sp, and the tensor ampli- 
tudes, Ti, T2, and Ts, for the E+p scattering at p^+ — 
170 and 450 MeV/c are plotted in Figs. Handle respec- 
tively. As seen in these figures, the NSC97 models give 
similar angular dependence for each kind of the ampli- 
tude in a global sense: a weak cos 9 dependence of the 
scalar amplitudes except for forward angles particularly 
remarkable at p^+ = 170 MeV/c, a hill-like distribution 



7 




peaked at cos6' = to 0.5 for the vector amplitudes, 
an one- node-like structure for the tensor amplitude Ti, 
etc. Such characteristics of the angular dependence will 
be understood by the plane- wave Born approximation as 
demonstrated in Ref. |l6l |. where the matrix element of 
the coordinate-space tensor in Eq. (j^J is given as 



J e''' '^YK.{r)VK{r)dr 



= ^tti'^YkM / jK{qr)VK{rydr. (47) 
Jo 

Here, Vk is a relevant potential for the tensor of rank 
and q is the momentum transfer in the scattering, 



q = ki k[. 



(48) 



For the elastic scattering, the magnitude and azimuthal 
angle of the momentum transfer q are given by 



q = ky/2{l - cose), 
sine 



tan w„ = 



1 — cos e ' 



(49a) 
(49b) 



where fc = jfeij = jfefj. Eqs. ijlTjl and ijlUjl explain essential 
features of the angular dependence of the amplitudes in 
Figs, n and la 

Eq. H47|) indicates that the magnitudes of the ampli- 
tudes in Figs. n and 121 are measures of the strengths of the 



relevant interactions. At p-^+ = 170 MeV/c, the magni- 
tude of Up is much larger than that of Ua and of the 
vector and tensor amplitudes except for cos 0^1 where 
the Coulomb scattering is dominant in Ua- Such supe- 
riority of the spin-spin amplitudes is interpreted as the 
result of large contributions of the pion-exchange mech- 
anism to the central interaction. On the other hand, at 
Ps+ = 450 MeV/c, the magnitudes of Ua, Up, and the 
tensor amplitudes are comparable. The magnitude of Sa 
is very small, indicating weak ALS interactions. Both 
of \Sq\ and \Sp\ decrease with the change of the interac- 
tion from the NSC97a to the NSC97f, reflecting stronger 
LS interactions in the NSC97a and weaker ones in the 
NSC97f. 



B. Cross sections 

As discussed in Subsec. IIII CI a set of the spin- 
dependent total cross sections for a system without a 
Coulomb force works as measures of the strength for 
the spin-dependent interactions by the optical theorem. 
However, the Coulomb interaction in the S+p system 
prevents such a measurement of the total cross section. 
In analyzing YN data of 1960's, an averaged value of the 
cross section over a certain range of the scattering angle, 

cos 61,11111 to C0s6'max, 



cos ( 



cos ( 



mm J cos 



cos Bri 



d(j{e) 
dcos e 



dcose (50) 
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FIG. 3: "Total" cross section defined by Eq. ^ for the E+p scattering for 100 MeV/c < < 600 MeV/c. See the caption 
of Fig.Qforjthe definitions of the theoretical curves. The filled squares denote the experimental data from |17|. the open circles 
from Ref. the open triangle from fT9|. 



was used as "total" E+p cross sections. In Fig.|21 the "to- 
tal" cross section with cos 6'min = —0.5 and cos 6'max = 0.5 
calculated for the NSC97a, NSC97c^and NSC97f is 
compared with the experimental data [171 llsL Il9l | . All of 
the measured cross sections are localized in the low mo- 
mentum region below p-^+ = 200 MeV/c, where the cross 
section calculated by any version of the interaction has 
a similar magnitude and agrees to such low momentum 
data. 

As indicated in Eqs. H23|l and H26|l . the differential cross 
section consists of the absolute squares of scalar, vector, 
and tensor amplitudes. The "total" cross section accord- 
ingly consists of the corresponding contributions: 

27rfcf 2 /"^°^ 

"^^^7^0 o Ad cose, (51) 

cos t7niax ^ cos t7mm Jcos Sniin 

where Oa = 4|;7„|M|C/^|2, 4|5„|2, 4|5^P, and jTip + 
2 (IT2P + iTsp) for A = Uo,,Up,S^,Sp, and T, respec- 
tively. Such components of the cross sections are dis- 
played in Fig. 0] It is seen that the "total" cross section 
is mainly governed by the contributions of the scalar am- 
plitudes and the contribution of the spin-spin interac- 
tion. Up, is particularly dominant at the low momenta. 
This Up contribution explains the main part of the mea- 
sured cross sections in Fig. El For higher momentum 
region, the contribution from the tensor amplitudes be- 
comes comparable with that from the scalar amplitudes 
as indicated in Fig. 13 

In Fig. |5l the calculated differential cross sections 
da{6) I d cos 6 at py,+ =170 and 450 MeV/c are displayed, 
which are very similar to each other f or g iven p-^+ and 
agree with the experimental data [itI |20|. Since |Tjp 



(j = 1,2,3) and \Sj\'^ {j = a,(3) are small compared to 
\Ua\'^ and |C/^p for =170 MeV as shown in Fig. 
n the differential cross section is governed mainly by 
4|J7ap -I- j\Up\^ according to Eq. where the cal- 

culated \Ua\ and \Up\ complement with each other: \Up\ 
by the NSC97a potential is larger than that by the other 
versions of the interaction as shown in Fig. ^ but the ex- 
cess is compensated by the smallness of \Ua\, giving the 
resultant cross section similar to other calculations' as 
seen Fig.|Sl(a). 

C. Analyzing powers 

The calculated difference and average of the E+ an- 
alyzing power v4j,(S+) and the proton analyzing power 

A Ay = Ay{J:+)-Ay{p), (52a) 
A^^ = i(A,(S+)+A,(p)) (52b) 

are plotted in Figs. and |7| for the S+p scattering at 
p^+ =170 and 450 MeV/c. Contrary to the similar- 
ity in the calculated differential cross sections among 
the NSC97 models, the difference in the linear combi- 
nations of the calculated vector analyzing powers among 
the NSC97 models is significant. The calculated differ- 
ence AAy reflects evenly the magnitude of the ALS in- 
teraction, giving the largest magnitude for the NSC97a 
model and the smallest one for the NSC97f model. On 
the other hand, the average of the analyzing powers A^"^" 
is rather confusing. While the NSC97a and the NSC97c 
give almost the same magnitudes of the SLS amplitude. 
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FIG. 4: Decomposition of total cross section of the E"^p 
scattering into spin-space components defined in Eq. II5H . 
See the caption of Fig. for the definitions of the theoretical 
curves. 



FIG. 5: Differential cross section da{6)/dcos6 for the E+p 
scattering at = 170 MeV/c (a) and 450 MeV/c (b). 

See the caption of Fig. for the definitions of the theoret- 
ical curves. Experimental data are taken from Refs. for 
Pj,+ = 170 MeV/c and from Ref. ^ for Ps+ = 450 MeV/c. 



which are larger than that of the NSC97f, as shown in 
Figs. Hand [3 the calculations of Ay^'^ do not reflect this 
tendency. Particularly A^^'' for the NSC97a potential has 
the opposite sign to the one for other versions at some 
angles. This happens due to the sensitivity of A^^'' not 
only on the SLS amplitude Sa but also on a combina- 
tion of the scalar amplitudes, the spin independent am- 
plitude Ua and the spin-spin one Up as seen Eq. (I28all . 
The dependence on the combination of scalar amplitudes 
overrides that on the SLS amplitude in Ay^" , while this 
is not the case for A Ay. We therefore conclude that 
the spin-independent and spin-spin central interactions in 
YN scattering should be determined from other sources 
in order to obtain unique information of LS interactions 
from measurements of analyzing powers. 



D. Depolarizations 

Information of the scalar interactions can be obtained 
from, for example, depolarizations as discussed in the 
preceding section. Fig. |H1 displays the average of the di- 
agonal elements of depolarizations, D in Eq. (|35|l . for the 
E+p scattering at — 450 MeV/c and the quantities 
defined as 

\Ua,\ = \NRil + 3D)\'/^ /A, (53a) 
l^^l ^ \Nnil-D)\'/\ (53b) 

which are predicted to give scalar amplitudes \Ua\ and 
\Uf3\, respectively, by Eq. (|S7|l . In the figure, the average 
depolarization D discriminates between the three ver- 
sions of the NSC97 interaction, particularly with differ- 
ent signs at backward angles for the NSC97a and NSC97f. 
The extracted scalar amplitudes \Ua\ and \Uf3\ follow the 
tendency of the amplitudes in Fig. |21 except {Upl at back- 
ward angles, where effects from the tensor amplitude Ti 
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FIG. 6: The difference of the vector analyzing powers 
Ay(E+) - Ay(p) for the E+p scattering at = 170 MeV/c 
(a) and 450 MeV/c (b). See the caption of Fig. [H for the 
definitions of the theoretical curves. 
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FIG. 7: The average of the vector analyzing powers 
(y4i;(E+) + Ay(p)) /2 for the E+p scattering at = 170 
MeV/c (a) and 450 MeV/c (b). See the caption of Fig. [3 for 
the definitions of the theoretical curves. 



may not be neglected. Thus cr(l + 31?) and ct(1 — _D) at 
middle and forward angles will be good measures of the 
spin-independent and spin-spin central interactions. It 
should be noted that the components of D, i.e., -Di^, 13^, 
and DJ, also discriminate the above versions of the in- 
teraction as well as D, although their interaction depen- 
dence is not displayed at present. However, D is favor- 
able to identify the contribution of the spin-independent 
interaction and that of the spin-spin one separately. 



V. SUMMARY 

In the YN scattering, we have investigated the contri- 
butions of the spin-dependent interactions to the observ- 
ables by decomposing the scattering amplitudes accord- 
ing to the tensorial property in the spin space so that the 
contributions of the interactions are individually identi- 
fied. In terms of such amplitudes, the expressions of the 
polarization observables are derived for general scatter- 



ing. 

For the elastic scattering, we have found some linear 
combinations of the observables to be sensitive to partic- 
ular interactions and thus to be favorable for studies of 
contributions of the interactions. In fact, the contribu- 
tions of the SLS interaction and those of the ALS one are 
separated to each other by considering the linear combi- 
nations of the vector analyzing powers, the spin corre- 
lation coefficients, the polarization transfer coefficients, 
etc., each of which is proportional to the strength of the 
SLS or ALS interactions. Similar linear combinations 
have been found to be sensitive to the tensor interactions 
and the spin-independent and spin-spin central ones. 

A part of the theoretical predictions is numerically ex- 
amined for the E+p scattering as an example. The ob- 
servables have been calculated by the use of the series of 
the NSC97 interactions and it has been found that some 
linear combinations of the observables are useful to dis- 
criminate the different versions of the interaction even 
when their cross sections are similar to be indistinguish- 



11 



1.0 



-0.5 



1 ' r 



D = (D '+D V3 

^ X y z ' 




H \ < \ < \ h 



(b) 




FIG. 8; (a) The average of the diagonal depolarizations of 
by Eq. 13511 . and (b) the extracted scalar amplitudes by 
Eq. lETJ for the E+p scattering at Ps+ = 450 MeV/c. See the 
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APPENDIX A: SPIN-SPACE TENSOR 
COMPONENTS OF SCATTERING AMPLITUDE 



The T-matrix M for general scattering a 
with a given parity, is described as 



M 



A B C D 

E F G H 

-H G F -E 

D -C -B A 



(Al) 



where the row is designated by the spin z components Va 
and Vb as {ua, i^b) = (1/2, 1/2), (1/2, -1/2), (-1/2, 1/2), 
and (—1/2,-1/2) from left to right, and the column by Vc 
and Vd as (z/„ Vd) = (1/2, 1/2), (1/2, -1/2), (-1/2, 1/2), 
and (—1/2, —1/2) from top to bottom. Applying Eq. Q 
to A, . . . , _ff in Eq. IjAip . we get 



"'''"^ B = ^_Si + \Sz - \t2. (A2b) 

The total cross section has been investigated for 111 

the unpolarized beam and target as well as for the G — — ^5*1 + -S'3 — 2-^2, (A2c) 

longitudinal-polarized ones and for the transverse- ^ 

polarized ones. These provide the imaginary parts of D = T^, (A2d) 

the amplitude of the forward scattering by the spin- 1^ 1^ 1^, f A2e) 

independent central interactions, the spin-spin central ^ 2 2 ^' 

ones, and the tensor ones. Measurements of these cross 111 

sections in scattering of neutral hyperons by the proton ^ ~ 2^^° ^ 2\/l^^ ^ \/^"^^' (^^^) 

therefore will provide important information of the inter- 111 

actions, particularly of the nature of the coupHng with G — — C/q H pC^i P^i' (-A-2g) 

the related reaction channels. ^ 2\/3 y/6 

Due to the significance of information on the YN in- ^ ^ 2'^'^ ^ 2^^^' (A2h) 
teraction, we hope more experiments to be performed for 
polarization phenomena in the YN scattering so that the 
details of the interactions, which include the spin depen- 
dence, will be determined. Conversely one can calculate Uj, S'j, and Tj from A, 
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H 



This leads to for K = \ 



Uo 
Ui 

Si 

S2 

S3 

Ti 

T2 



= F-G, 

= i=(2A + F + G), 

= ^(B + C-E + H), 



-(A-F-G), 
-^(B + C + E-H), 



= D. 



(A3a) 
(A3b) 

(A3c) 

(A3d) 

(A3e) 

(A3f) 

(A3g) 
(A3h) 



APPENDIX B: TIME REVERSAL THEOREM IN 
ELASTIC SCATTERING 

In this appendix, we will give the derivation of the 
relationships due to the time reversal theorem for the 
vector amplitudes Eq. |[TT)l and the tensor ones Eq. ((T^ . 

The time reversal theorem is described as 

{v,Vd;ki\M\vai^t,-kC) = 

y.{-Va-vb;-ki\M\-Vc-vd;-ki), (Bl) 

where M is the T-niatrix for the inverse reaction. One 
can transform this relation to that for the amplitude 
Mi^'(siSf;fcifcf) in Eq. © as 

- {-r+^^-^M^r{s,s,-~h~h). (B2) 

We will transform the amplitude in the right-hand side 
of the above equation so that the direction of the mo- 
mentum of the incident particle and that of the outgoing 
one are respectively same as those in the left-hand side 
amplitude. Since M is the same as M for the elastic 
scattering, the transformation is described by the use of 
the rotation matrix D ,21] as 

M^^\sfSi; -k[, -fci) 
= Y,Dnn'i7r-9,0,Tr)Ml^^\stSi;hkf). (B3) 



M[^\01;kikf) 



M[^\lO;kikf) 



and for K 



3M^^\ll;kikf) 



Mf^(ll;feife 



cos f sm ( 
r(2) 



which provides 



^ ' ']A4^\u-hkf)~A4^\u-kikf) 



cot 6'Mf^(ll;fcifcf). 



Eqs. I|B4|I and l|B6|l are rewritten as 



Si — —S2 



and 




T1-T3 



cot 6T2. 



(B4) 



= M^^^(ll;feifcf), (B5) 



(B6) 



(B7) 



(B8) 



APPENDIX C: DEPOLARIZATIONS, 
POLARIZATION TRANSFERS, AND SPIN 
CORRELATIONS IN GENERAL SCATTERING 
BETWEEN SPIN-1/2 PARTICLES 



In this appendix, the depolarizations (a) defined in 
Eq. (|29|l . the polarization transfer coefficients Ki^ {a d) 
in Eq. (|3U|) , and the spin correlation coefficients in Eq. 
(|31|l are described in terms of the amplitudes in Eqs. 

and lO for the case of general scattering between 
two spin-1/2 particles. 

The depolarizations of a are described as 



4 r 1 

— Re<^ 



__L,s.-5,r53 + -L(5. + 5,rT,--Lr,-(-Lr, 



(CI) 
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-^1*52 + l\Ss\' - ^T* (i=Ti - T3) - i|T2|2| , (C2) 
\Ti(l^T^+T^\. (C5) 



2^ V%/6 

The polarization transfer coefficients from a to d are described as 

(5, + 5.)* 53 + ^ (5. - 5.)* - -Lrr (-It, + T3) } , (cg) 

+ i|53|2 - -^T* (-^Ti - T3) - i|r2p| , (C7) 



(C8) 
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The spin correlation coefficients are described as 

C.. ^^Re{-|f/o|^ + i|t/.|^--lt/r(i=T,-T3 

+2 + 1^21') - 453*T2 + -It* (^i=ri + Is) I , (Cll) 

-2 + |52p - 1^3^ + (^-^Ti - Ts) + 2|T2|2| , (C12) 

C.. = ^Re|-|[/op + i|[/ip + ^t/rri 

+2 + |52|2) + 453*T2 - ^ITil^ + 2^^^ , (C13) 



+lT;(^-l=T, + n]\. (C15) 



For the combinations of i and (ij) = (xy), (yx), (yz), (zy), the quantities Dj, Kf, and C,, automatically vanish. 
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